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collected	 in	a	35-	year	 field	experiment	with	 four	 treatments:	no	 fertilizer,	 chemical	
phosphorus,	and	potassium	fertilizer	(PK),	chemical	phosphorus,	potassium,	and	nitro-





sity	 and	 stability.	 With	 regards	 to	 fungal	 community	 composition,	 the	 phylum	
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regions	 have	 become	 important	 agricultural	 areas	 for	 grain	 produc-
tion	and	cultivation	(Zhao	et	al.,	2015).	However,	several	decades	of	
excessive	cultivation	and	intensive	fertilization	have	caused	substan-
tial	 loss	 of	 soil	 and	 soil	 productivity	 (Liu	 et	al.,	 2015;	 Singh,	Verma,	
Ansari,	&	Shukla,	2014).	Inappropriate	chemical	fertilizer	applications	
cause	serious	soil	degradation	and	environmental	pollution	(Yin	et	al.,	
2015),	 especially	 the	 overuse	 of	 nitrogen	 (N)	 fertilizers,	which	 have	


























community	 composition	 is	 also	beneficial	 for	 soil	 biochemical	 cycle,	
and	 also	 leads	 to	 a	 healthy	 and	 stable	 surrounding	 ecosystem	 for	
plants	 (Sun,	Liu,	Yuan,	&	Lian,	2016).	Thus,	 it	 is	of	crucial	 interest	to	
investigate	soil	fungal	communities.
In	 our	 previous	 studies,	 the	 impacts	 of	 long-	term	 fertilizations	
on	 bacterial	 community	 composition	 have	 been	 examined	 (Zhou	
et	al.,	2015).	Inorganic	fertilization	led	to	a	significant	decrease	in	the	
biodiversity	 and	 abundance	 of	 bacteria,	 and	 the	 influence	 of	 more	
concentrated	 fertilizer	 treatments	 was	 greater	 than	 that	 of	 lower	
concentrations.	 However,	 a	 comprehensive	 understanding	 of	 the	




were	 performed	 to	 analyze	 soil	 fungal	 community	 composition	 and	









soil	 degradation	 but	 is	 also	meaningful	 for	 determining	 appropriate	
fertilization	applications	to	improve	and	maintain	soil	fertility.
2  | MATERIALS AND METHODS
2.1 | Field experiments and soil sampling
This	study	has	been	performed	in	an	experimental	field	with	a	wheat–
maize–soybean	crop	rotation	since	1980	in	Harbin	City,	Heilongjiang	
Province,	China	 (45°40′N,	 126°35′E).	 The	 climate	 for	 this	 region	 is	













ical	N,	P	and	K	 fertilizer	 (NPK),	 and	chemical	P	and	K	 fertilizer	plus	
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to	Hart,	 Stark,	Davidson,	 and	 Firestone	 (1994).	A	modified	method	
of	resin	extraction	was	used	for	the	AP	analysis	 (Hedley	&	Stewart,	
1982),	and	TP	was	determined	using	the	colorimetric	method	 (Garg	
&	 Kaushik,	 2005).	 TK	 and	AK	were	 analyzed	 by	 atomic	 absorption	
spectrometer	and	 flame	photometry,	 respectively,	 as	 recommended	
by	Helmke	and	Sparks	 (1996)	and	Habib,	 Javid,	Saleem,	Ehsan,	and	
Ahmad	 (2014).	 Soybean	 yields	 under	 different	 conditions	 were	 re-
corded	after	harvest.
2.3 | Total DNA extraction
Total	DNA	was	 extracted	 from	0.25	g	 soil	 in	 each	 subsample	using	
a	MOBIO	PowerSoil	DNA	 Isolation	Kit	 (Carlsbad,	CA,	USA)	accord-
ing	 to	 the	manufacturers’	 protocol	 with	modifications	 (Fierer	 et	al.,	













mixture	 (25	μl)	 and	 the	 optimized	 conditions	 for	 amplification	were	
as	previously	reported	(Zhou	et	al.,	2016).	The	qPCR	was	carried	out	
with	three	replicates	for	each	soil	subsample.	The	standard	curve	was	
generated	using	10-	fold	 serial	 dilutions	of	 a	 plasmid	 containing	 the	



















purification,	 creating	 a	DNA	pool.	 Sequencing	 libraries	were	 gener-
ated.	Finally,	the	libraries	were	sequenced	on	Illumina	MiSeq	platform	
at	Personal	Biotechnology	Co.,	Ltd.	(Shanghai,	China).
2.6 | Data processing and statistical analyses
Barcode	 sequences	 were	 removed	 according	 to	 the	 methods	 of	
Edgar,	Haas,	Clemente,	Quince,	and	Knight	(2011).	The	raw	sequence	
reads	were	processed	using	QIIME	(version	1.7.0,	http://qiime.org/)	
(Caporaso	 et	al.,	 2010)	 and	 referring	 to	 the	 default	 parameters	 to	
obtain	 valid	 tags	 (Bokulich	 et	al.,	 2013).	 Singletons,	 non-	bacterial	
and	non-	fungal	OTUs	were	 removed,	 and	 the	OTU	abundance	 lev-





classified	 using	 a	 BLAST	 algorithm	 against	 the	UNITE	 database	 re-
lease	5.0	(Koljalg	et	al.,	2014)	with	a	minimal	80%	confidence	estimate	
(Bokulich	&	Mills,	2013).	The	UNITE	and	INSDC	fungal	ITS	databases	



























had	 an	 accumulative	 effect	 on	 soil	OM.	Compared	with	 the	CK,	 the	
three	fertilization	strategies	significantly	 increased	the	concentrations	












with	 the	CK,	PK,	and	NPK	applications	 increased	the	 ITS gene cop-
ies,	resulting	in	a	significant	 increase	in	the	F/B	ratio,	whereas	MPK	
applications	 exhibited	 the	 opposite	 pattern	 (Figure	1b).	 In	 addition,	
there	were	 significant	 positive	 correlations	 between	 ITS gene copy 
number	and	TP	(r	=	.613,	p	<	.01)	and	AP	(r	=	.435,	p	<	.05),	referring	
to	Pearson’s	correlations	(Table	S2).	Moreover,	the	F/B	ratio	showed	
significantly	 negative	 correlations	 with	 soil	 pH	 (r	=	−.912,	 p	<	.01)	
and	OM	 (r	=	−.572,	 p	<	.01),	 but	 was	 positively	 correlated	with	 TN	
(r	=	.795,	p	<	.01)	and	TP	(r	=	.523,	p	<	.01).
3.3 | Fungal diversity analysis under different 
fertilization regimes






















3.4 | Fungal community compositions and relative 
abundance under different fertilization regimes
Phyla	 Ascomycota,	 representing	 70.83%–76.16%	 of	 the	 total	 se-
quences,	was	dominant,	followed	by	Zygomycota	(15.56%–19.22%),	















































































































































































































































































































































































































































































































































































































































































































(shown	 in	 Figure	4,	 at	 least	 one	 group	with	 a	 relative	 abundance	
>0.1%).	 NPK	 and	 MPK	 applications	 significantly	 increased	 the	
relative	 abundance	 of	 Sordariomycetes,	 but	 decreased	 those	 of	
Leotiomycetes	 and	 Dothideomycetes.	 The	 abundances	 of	 the	
classes	 Eurotiomycetes	 and	 Tremellomycetes	 were	 significantly	
higher	under	the	NPK	regime	than	under	the	others.	All	 the	ferti-
lization	 treatments	 had	positive	 effects	 on	 the	Pezizomycetes.	At	
the	genus	level	(Figure	5),	all	the	fertilization	strategies	significantly	
decreased	the	relative	abundances	of	Mortierella,	Chaetomium,	and	
Epicoccum,	 but	Penicillium	was	 increased.	Periconia	 and	 Ilyonectria 
were	 lower	 under	 the	 NPK	 and	 MPK	 regimes.	 In	 particular,	 the	
chemical	 N	 fertilizer	 significantly	 increased	 the	 abundances	 of	
Chaetomidium	and	Corynespora.
3.5 | Significantly different fungal taxa occurred 
under the NPK and MPK regimes
The	LEfSe	analysis	distinguished	the	presence	of	significantly	different	
fungal	taxa	under	the	NPK	and	MPK	regimes	(average	relative	abun-
dance	>	0.01;	 Figure	6).	 The	 linear	 discriminant	 analysis	 score	 was	
greater	 than	3.0.	The	MPK-	treated	 samples	had	 significantly	higher	
abundance	of	the	phylum	Ascomycota,	and	genera	Mycothermus	and	
Periconia,	 whereas	 the	 phyla	 Basidiomycota	 and	 Chytridiomycota,	
the order Chaetothyriales,	the	families	Chaetomiaceae,	Pleosporaceae, 
and	 Chaetothyriaceae,	 and	 genera	 Chaetomidium,	 Bipolaris,	 and	
Cyphellophora	were	overrepresented	under	the	NPK	regime.
3.6 | Correlation between fungal community 
composition and soil properties
Based	on	the	redundancy	analysis	(Figure	7),	all	the	selected	soil	prop-
erties	accounted	for	56.8%	of	the	explanatory	variables	in	the	fungal	



















Fertilization regimes Observed species Chao1 Ace Simpson Shannon Goods coverage
CK 895.83	±	59.44a 1050.1	±	46.2a 1084.1	±	80.8ab 0.979	±	0.016a 7.22	±	0.27ab 0.992	±	0.0015a
PK 877.33	±	97.73a 1028.6	±	37.9a 1040.9	±	57.8a 0.987	±	0.002a 7.46	±	0.21b 0.992	±	0.0019a
NPK 812.00	±	40.87a 1034.1	±	54.5a 1049.0	±	41.9a 0.985	±	0.003a 7.19	±	0.14a 0.992	±	0.0020a
MPK 914.17	±	167.33a 1140.2	±	101.7b 1164.8	±	101.6b 0.986	±	0.004a 7.40	±	0.14ab 0.991	±	0.0038a
Values	within	the	same	column	followed	by	different	letters	indicate	significant	differences	(p	<	.05)	according	to	Tukey’s	multiple	comparison.
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4  | DISCUSSION
4.1 | Improvements in soil acidification, OM 
accumulation, and soybean yield
Long-	term	chemical	fertilizer	applications,	especially	the	NPK	applica-
tion,	significantly	increased	soil	acidification;	however,	manure	could	
effectively	 alleviate	 soil	 acidification,	 perhaps	 due	 to	 the	 buffering	
functions	of	organic	acids,	carbonates,	and	bicarbonates	 (García-	Gil,	








plication	 being	 the	most	 effective	 fertilization	 strategy.	 The	 results	
agreed	well	with	other	findings	(Zhao	et	al.,	2014).





Pearson’s	 correlations	 showed	positive	 correlations	between	 fungal	
abundance	and	AP	(r	=	.435,	p	<	.05)	and	TP	(r	=	.613,	p	<	.01),	which	
were	quite	similar	to	other	findings	(Kuramae	et	al.,	2012).





of	PK	and	NPK,	probably	due	 to	 the	acidification	of	 soil	 induced	
by	 chemical	 inputs.	As	 documented	 by	 Joergensen	 and	Wichern	
(2008)	 and	 Rousk,	 Brookes,	 and	 Bååth	 (2009),	 fungi	 have	 been	
found	to	be	more	acid	tolerant	than	bacteria	leading	to	increased	
fungal	dominance	in	acidic	soils.	Moreover,	the	F/B	ratio	was	high-




able	 substrates	 (Rousk,	 Brookes,	 &	 Bååth,	 2010)	 and	 highly	 pro-
ductive	crop	soils	(Strickland	&	Rousk,	2010).	Additionally,	the	F/B 
ratio	 was	 significantly	 positive	 correlated	with	 soil	 pH	 (r	=	.648,	
p	<	.01),	 this	might	be	due	 to	 the	different	 responses	of	bacteria	
and	 fungi	 to	 lower	 pH	 levels,	 namely	 the	 significant	 suppressive	
effect	of	bacteria	and	well	tolerance	of	fungi	(Coyne,	1999;	Rousk,	
Bååth,	et	al.,	2010).
4.3 | Effects on fungal α- diversity
Microbial	diversity	 in	soil	was	closely	 related	to	soil	quality	and	the	
nutrient	 cycling	 rate	 (Nevarez	et	al.,	2009).	The	 richer	 the	biodiver-
sity,	the	more	stable	the	soil	(Chaer,	Fernandes,	Myrold,	&	Bottomley,	
2009).	The	lower	biodiversity	of	fungi	also	caused	unsustainable	crop	








compounds	 present	 in	manure	 requiring	 various	microorganisms	 to	
degrade.	The	results	confirmed	previous	findings	that	a	high	microbial	
diversity	was	always	found	under	organic	amendment	regimes	rather	
than	 chemical	 regimes	 (Esperschütz,	 Gattinger,	 Mäder,	 Schloter,	 &	
Fließbach,	2007).	Compared	with	soil	nutrients,	the	Chao1	index	was	
positively	correlated	with	soil	OM	(r	=	.564,	p	<	.01),	which	probably	
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for	 the	 resilience	of	microbial	diversity	 (Naeem	&	Li,	1997)	and	soil	
productivity	(Sapp,	Harrison,	Hany,	Charlton,	&	Thwaites,	2015),	was	
a	good	way	to	reduce	anthropogenic	N	inputs.
4.4 | Impact on fungal community composition
The	 phylum	 Ascomycota	 was	 dominant	 in	 all	 the	 fertilization	 re-
gimes.	 Similar	 results	 have	 been	 observed	 in	 other	 studies	 (Xiong	
et	al.,	 2014;	 Li,	 Ding,	 Zhang,	 &	 Wang,	 2014).	 The	 abundance	 of	
Ascomycota	under	the	NPK	regime	was	lower	than	under	the	PK	and	
MPK	regimes,	which	contrasted	with	other	findings	that	Ascomycota	
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correlation	 with	 the	 chemical	 N	 input	 (Freedman,	 Romanowicz,	






higher	 under	 the	NPK	 regime,	 probably	 causing	N	 loss	 in	 the	 soil	
and	 greenhouse	 gas	 emissions	 due	 to	 its	 N2O-	producing	 activity	
(Jasrotia	et	al.,	2014;	Mothapo,	Chen,	Cubeta,	Grossman,	&	Fuller,	
2015).	 The	 abundances	 of	 Pezizomycetes	 were	 significantly	 high	




showed	 differences	 among	 the	 treatments.	 More	 harmful	 fun-
gal	 taxa	 with	 known	 pathogenic	 traits	 were	 also	 overrepresented	
under	 the	NPK	 regime,	 such	as	 the	order	Chaetothyriales,	 families	
Chaetothyriaceae,	 Pleosporaceae,	 and	 Chaetomiaceae,	 and	 genera	
Corynespora, Bipolaris,	 and	 Cyphellophora Chaetomidium. The order 
Chaetothyriales,	 family	Pleosporaceae	 and	 genus	Chaetomidium	 are	
well-	known	 for	 their	 animal	 and	 human	 opportunistic	 pathogens	




also	 been	 associated	 with	 potential	 pathogens	 (Decock,	 Delgado-	
Rodríguez,	 Buchet,	&	 Seng,	 2003).	Moreover,	 some	 isolates	within	
Corynespora	are	pathogenic	to	a	wide	range	of	hosts	(Dixon,	Schlub,	
Pernezny,	 &	 Datnoff,	 2009)	 and	 Bipolaris	 causes	 significant	 yield	
losses	 as	 a	 foliar	 disease	 constraint	 (Road,	 2002).	Obviously,	 long-	
term	NPK	applications	may	induce	the	incidence	rates	of	fungal	dis-
eases.	In	contrast,	these	fungi	were	detected	at	low	levels	under	the	












Manter,	and	Vivanco	 (2008),	 the	majority	of	 fungi	are	heterotrophs	







centration	 varies	 by	many	orders	 of	magnitude	 across	 various	 soils	
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